A number of chemical and physical agents were screened to determine their effectiveness in inducing simian virus (SV4o) production in a virogenic clone of SV4o-transformed Chinese hamster cells. Mitomycin C (MC) was the most effective inducing agent, and MC induction was further characterized. It was found that levels of infectious SV4o DNA were increased above control levels as early as 6 h after addition of MC to the culture medium and reached maximum levels by 48 h. Virus capsid (V) antigen and virions followed with a lag of about 24 h. V antigen production was sensitive to hydroxyurea, suggesting a dependence on virus DNA synthesis. The proportion of virus-producing cells (infectious centres) and the virus burst per cell were both stimulated by MC. Studies of 3H-thymidine incorporation demonstrated that the rate of SV4o DNA synthesis was maximal at 48 h post-induction, at which time cellular DNA synthesis was ahnost abolished. Caffeine, at doses not toxic to non-induced cells, strongly inhibited SV4o production in both noninduced and induced cells, suggesting some role for DNA repair mechanisms.
INTRODUCTION
Certain mammalian RNA and DNA tumour viruses are capable of entering into a particular relationship with their host cell in which the virus genome is integrated into the genome of the host and is replicated as a provirus with it. In such cases, virus functions may be fully expressed or partially repressed (Tooze, I973) . In partial virus repression, 'early' virus functions are expressed in all the cells but 'late' virus functions and mature virus production either do not occur at all, or occur at low frequency as, for example, with certain simian virus 40 (SV4o)-transformed Chinese hamster lines (Lavialle et aI. I976) . It has been demonstrated that the repressed functions of such integrated viruses may be induced by certain chemical or physical treatments (Rothschild & Black, 197o; Fogel, 1972; Gerber, 1972; Teich et al. 1973; Kaplan et aL 1975b; Morris et aL 1975) . Also, it has been shown that chemical treatment of cells may augment their permissiveness towards the replication in lyric infection of a wide range of viruses (St. Jeor & Rapp, I973; Green & Baron, ~975; Suarez et aL I976) . These two phenomena may be connected, chemical treatment of cells containing integrated proviruses stimulating the permissiveness of the cell and allowing fuller expression of the virus functions including autonomous replication of the virus genome (after excision) and the production of mature virus. In this paper we describe the screening of a number of agents to determine their efficiency at inducing the papovavirus SV4o in a virogenic clone of SV4o-transformed Chinese hamster cells and the characterization of the action of the most effective of these agents, mitomycin C. In the accompanying paper (Lavialle et al. I977) we describe studies of the phenomenon of the chemical enhancement of permissiveness towards SV4o in clonally related non-transformed Chinese hamster cells in order to compare the two phenomena of virus induction and enhancement of permissiveness.
METHODS

Cells and virus.
The derivation and properties of the clone of SV4o-transformed Chinese hamster kidney cells (CHK/SVLP CI.5.I ) have been described elsewhere (Lavialle et al. I975, I976) . CVI cells (Jensen et al. I964) were used for SV4o infectivity assays and preparation of ZH-thymidine-labelled SV4o DNA. Cell cultures were maintained as described previously (Lavialle et al. I975) . The strain of SV4o virus (SVLP) used for preparing SV4o DNA (see below) was the same as that used for transformation (Lavialle et al. 1975) . S1/4o infectivity assays and determination of virus burst per cell. Titration of infectious virus and DNA was carried out as described previously (Lavialle et al. I976) . In order to determine the virus burst per cell in MC-induced or non-induced cultures, CHK/SVLP C1. 5. I cultures were trypsinized immediately after MC treatment (or mock treatment, see below), harvested and resuspended in complete culture medium (MEM + IO % calf serum+o.2 % NaHCO3) and carefully counted. Samples (io 3, Io 4, Io 5 cells) were mixed with io 6 CVI cells in the same medium and plated out in 60 mm plastic Petri dishes (Falcon) for infectious centre determination. Samples (Io ~ cells) of the same CHK/SVLP C1.5. ~ suspensions were plated out in 25 cm 2 plastic flasks (Falcon). All cultures were then incubated overnight at 37 °C in 5 % CO2/air to allow fixation of cells. The next morning, the medium was aspirated from all cultures and replaced with cell maintenance medium (MEM+o.5% calf serum+o'3 % NaHCO3) supplemented with 0"5 % Difco agar in the case of the Petri dishes. The Petri dishes were incubated for a further r 4 days and infectious centres were scored after staining with neutral red. The flasks were incubated until 3 days post-induction for the induced cultures, or until 6 days post mock-induction, and then frozen for determination of total virus production by infectivity titration. The cultures were frozen when maximum virus titres were achieved; in this way, the cultures used for infectious centre determination and virus production were, as far as possible, in identical culture conditions. Induction procedures. Twenty-four hour-old cultures, seeded at Io 8 cells per 60 mm plastic Petri dish or 25 cm 2 plastic flask, were always used in induction experiments.
For chemical induction, the inducing agent was added to the required concentration directly to the culture medium; the treatment was ended by aspirating the medium containing the inducing agent, rinsing with medium and then adding fresh medium.
For ultraviolet (u.v.) induction, the medium was aspirated from cultures, the cell sheet rinsed once with phosphate-buffered saline (PBS), and the cells then irradiated for various times at a distance of 35 cm from a standard 15 W germicidal lamp (Sylvania G15 T8). Under these conditions, the u.v. dose rate was about IO ergs/mmZ/s (as determined by a Latarjet u.v. dosimeter). The cell sheet was again rinsed with PBS and finally fresh medium was added.
For temperature shock induction, the medium was aspirated from cultures in 25 cm 2 plastic flasks and replaced with fresh medium (55 ml Characteristics of chemical induction of S V4o I25 water bath at the required temperature for the desired length of time, and finally the medium was again aspirated and replaced with 5 ml of fresh medium.
Radioisotope labelling techniques. Rates of amino acid incorporation into cell protein were determined by labelling cultures for 2 h with 3H-leucine (5o Ci/mM) at r/~Ci/ml in culture medium without leucine supplemented with Io % dialysed serum. The labelling was stopped by rinsing with PBS, and the cultures harvested by treatment with trypsin. The cell suspensions obtained were then cooled on ice, counted, and an equal vol. of Io% ice-cold trichloracetic acid (TCA) added. The resulting precipitates were collected on Whatman GF/C filters, rinsed twice with ice-cold 5 % TCA and finally with ethyl alcohol. The filters were then dried and the radioactivity determined by scintillation counting. Incorporation of 3H-thymidine (25 Ci/mM, used at I #Ci/ml) into total cellular DNA, and of ~H-uridine (28 Ci/m~, used at I #Ci/ml) into total cellular RNA was determined in a similar fashion. To measure the incorporation of 3H-thymidine into SV4o DNA, cultures were labelled at a higher aH-thymidine concentration (Io or 20 #Ci/ml) for the times indicated in the Results section. Labelling was stopped by aspirating the medium, rinsing with PBS and immediately extracting low molecular weight DNA by the Hirt selective procedure (Hirt, I967). incorporation of 3H-thymidine into nuclear DNA was in this case determined by scintillation counting of samples of the ' Hirt pellet'. The ' Hirt supernatant' containing SV4o DNA and low molecular weight cell DNA was analysed by ultracentrifugation as described below, after dialysis against I ×SSC (oq5 M-NaCl+o.oI5 M-Na citrate, pH7"o) to eliminate residual acid-soluble nucleotides.
Ultracentrifugation techniques. A sample of each dialysed Hirt supernatant was mixed with caesium chloride and ethidium bromide (EtBr) dissolved in distilled water to give a final volume of 5 ml, density of 1.56 g/ml and EtBr concentration of 250 #g/ml, and then centrifuged to equilibrium (72 h at 40000 roy/rain) in a Beckman type 50 angle rotor at I5 °C. Thirty-two fractions were collected and the radioactivity in each fraction determined by scintillation counting of samples.
Fractions from the dense band (Band I) of the equilibrium gradient, which contains supercoiled DNA, were pooled and calf thymus DNA added to a concentration of I oo #g/ml to act as carrier: the pool was then extracted with two vol. of CsCl-saturated iso-amyl alcohol to eliminate EtBr, dialysed against o. ~ × SSC to eliminate CsC1 and finally evaporated to a volume of 200/~1. This material was then layered on to a 5 to 20 % sucrose gradient on a 30% sucrose cushion and centrifuged at 28000 rev/min for ~6 h in a Beckman SW 4I rotor at 4 °C. The gradient was fractionated, carrier DNA added to each fraction as above and the total DNA was precipitated with an equal vol. of ice-cold Io % TCA. The precipitates were collected on GF/C filters, washed as above and radioactivity determined. The position of SV4o DNA on the sucrose gradient was determined by a parallel centrifugation of aH-thymidine-labelled SV4o DNA, obtained by labelling SV4o-infected (m.o.i. of Io) CVI cells 24 to 48 h post-infection with 3H-thymidine at Io #Ci/ml, followed by Hirt extraction and purification by equilibrium centrifugation as described above.
Plating efficiency. Cultures (24 h old) were harvested and counted and known numbers of cells were plated in complete culture medium supplemented with ~o % embryonic calf serum in 60 mm plastic Petri dishes. The next day, these cultures were treated as described in the Results section and Io to t2 days later the colonies were fixed and stained with Unna blue and the plating efficiency determined. Chemicals. Mitomycin C (MC) was obtained from the Nutritional Biochemicals Corp.
(Cleveland, Ohio); 5-iodo-z'-deoxyuridine (IdUrd) from Schwarz-Mann (Orangeburg, New York); N-methyl-N'-nitro-N-nitrosoguanidine (MNNG) from the Aldrich Chemical Co. (Milwaukee, Wisconsin); and cyclobeximide (CH), caffeine, hydroxyurea (HU) and N n, O2'-dibutyryl adenosine 3':5' cyclic monophosphoric acid (diBu-cAMP) were from Sigma (St. Louis, Missouri) . All chemicals were prepared as stock solutions in culture medium without serum and stored at -2o °C.
Isotopes. All isotopes were obtained from the Commissariat ~t l'Energie Atomique, France. Table I summarizes the results of experiments using different induction procedures. For each agent, a range of induction conditions was used, varying the dose or duration of treatment and, except for MNNG, the induction conditions quoted in the Table were those found to be optimal; results obtained with MNNG were very variable, and consequently no optimum could be dearly established. Control (i.e. mock-induced) cultures maintained in complete medium in these experiments gave virus yields of 30 p.f.u./IO 6 cells or less when harvested 3 days post (mock)-induction.
RESULTS
Screening of inducing agents
In some experiments, the production of infectious SV4o DNA by induced cultures was determined in parallel with production of virions, using the same dose range of inducing agents, and it was found that optimum conditions for virion and infectious DNA induction were identical.
Caffeine, which has been shown (Rothschild & Black, I97o) to be an effective inducing agent for SV4o in Syrian hamster cells, did not induce SV4o in our system when tested under a variety of conditions including those used by Rothschild & Black (I97O) . Indeed, caffeine had a definite inhibitory effect, essentially abolishing spontaneous SV4o production by cells continuously maintained in I mM of the drug (a dose which was negligibly toxic for these cells).
As shown in Table I , MC is the most efficient inducing agent of those tested and consequently the action of this drug was studied in more detail. In different experiments, the optimum induction dose of MC was found to vary slightly, and so for the experiments discussed below, standard induction conditions were chosen as T #g/ml MC for 8 h. In kinetic studies, time post-induction is measured from the time of MC addition to the culture medium. Table 2 shows that infectious DNA titres were elevated above control levels as early as 6 h post-induction.
Time course of induction of infectious DNA and virus
Induction of V antigen
SV4o V antigen, as determined by immunoperoxidase staining, appeared at the same time as infectious virus (Fig. 2) ; it was not possible to determine accurately the proportion of V antigen positive cells beyond 7z h, since the toxic effects of MC were such that by 96 h postinduction the cells were highly damaged. The proportion of V antigen positive cells in induced cultures was about 4 % at 72 h post-induction. * Duplicate z4 h-old cultures were mock-induced or MC-induced and treated as described in Methods. The slightly higher production of virus by the control cultures in this experiment compared with the experiments of Table I is due to the maintenance of cultures in low serum medium, which was found to stimulate virus production, and harvesting the virus at a later time after mock-induction.
prevented production of infectious SV4o DNA in induced cells; it also reduced V antigen production to a very low level.
Induction of infectious centres and enhancement of burst per cell
As has already been reported, MC stimulates the proportion of virus-synthesizing CHK/SVLP C1.5.I cells in addition to stimulating total virus production (Morris et al. I975 ). The data in Table 4 show that the virus burst per cell is also increased. As described in Methods, the burst per cell was determined by measuring the proportion of infectious centres and virus production in cultures maintained under parallel conditions (we have observed that virus yields are influenced by culture conditions, for example, the serum concentration). In such experiments, the burst was stimulated by up to about Io-fold, but this enhancement was irregular as was the size of the burst per cell; in non-induced cultures, the burst ranged from I to 30 p.f.u./infectious centre and in induced cultures from ~5 to 2oo p.f.u./infectious centre.
DNA metabolism in induced CHK/SVLP Cl.5.I cells
In order to study DNA synthesis rates in induced cells, cultures were pulse-labelled for 2 h with 3H-thymidine (Io#Ci/ml) at 12 h intervals and then immediately DNA was extracted by the Hirt selective procedure.
The incorporation of 3H-thymidine into nuclear DNA and supercoiled DNA (mitochon-drial+SV4o) was determined as described in Methods. As shown in Fig. 3 , the rate of nuclear DNA synthesis rapidly declined after induction but that of supercoiled DNA increased and reached a maximum at 48 h post-induction, thereafter rapidly declining. To determine the contribution of mitochondrial DNA and SV4o DNA to the radioactivity in Band I DNA derived from induced and non-induced cultures, such cultures were labelled for longer periods in order to accumulate sufficient 3H radioactivity in Band I DNA to allow IP: 54.70.40.11
On: Mon, 10 Dec 2018 21:54:25 Ward, I973; Fujiwara, I975). Fig. 5 shows that by about 90 % (data not shown). Equilibrium density gradient analysis of the Hirt supernatants from MC-induced cells labelled with 3H-thymidine 48 to 50 h post-induction, showed that caffeine had no direct effect on SV4o DNA synthesis since addition of I mMcaffeine I h before the addition of 3H-thymidine had no effect on the size of the Band I peak which, as shown above, represents exclusively SV4o DNA at 48 h post-induction. Caffeine at a concentration of I mM is essentially non-toxic to CHK/SVLP C1.5. i cells untreated by MC, having little effect on parameters such as plating efficiency, incorporation of ZH-labelled teucine, uridine and thymidine, and cell growth rates. On the other hand, the same dose of caffeine potentiates cell killing by MC, as measured by plating efficiency (Fig. 6) , and inhibits incorporation of 8H-leucine, though not 3H-thymidine incorporation which was paradoxically stimulated by caffeine (Table 5) .
Characteristics of chemical induction of SV4o
The effect of caffeine on SV4o production by induced CHK/SVLP CI.5.I cells
At least some of the more potent inducing agents (including MC, u.v. and MNNG) for SV4o are known to cause lesions in cellular DNA which can be repaired by DNA repair mechanisms (Petersen, Bertram & Heidelberger, I974; Strauss, I974; Fujiwara & Tatsumi, I975). Therefore the effect of caffeine on SV4o induction by MC was investigated, caffeine being known as an inhibitor of'post-replication' repair of DNA in rodent cells (Roberts &
Since caffeine is known to influence intracellular levels of cyclic AMP in mammalian cells (Abell & Monahan, i973) , the effect of diBu-cAMP on MC-induction of SV4o was also investigated. Fig. 7 shows that diBu-cAMP apparently had a biphasic effect, stimulating virus production at low doses and inhibiting production at high doses.
DISCUSSION
The screening described in the first section of Results clearly demonstrated that of all the induction procedures tested, treatment of CHK/SVLP C1.5.I cells with MC is the most effective. This is in agreement with other studies of induction of papovaviruses (Rothschild & Black, I97o; Fogel, I972; Kaplan et al. I975b ), y-irradiation being the only agent which gives results quantitatively similar to those obtained with MC (Kaplan et aL I975b). In particular, it appears that MC is much more efficient than halogenated pyrimidines, such as IdUrd, at inducing papovaviruses. However, in contrast with results obtained with papovaviruses, it appears that in other chemically inducible virus-cell systems MC is not an effective inducing agent. Thus, Gerber (I972) has shown that MC fails to induce Epstein-Barr virus (EBV) from lymphoblastoid lines inducible by 5-bromodeoxyuridine, although Yata et al. (I97O) have demonstrated that MC stimulates the proportion of cells expressing an EBV-associated membrane antigen in other lymphoblastoid lines; and MC is clearly much less effective than IdUrd in the induction of murine leukaemia virus from AKR mouse embryo cell lines (Teich et ak I973). These data, although not sufficient for firm conclusions, suggest that induction mechanisms in different virus-cell systems are not the same, otherwise one might expect similar relative inducing efliciencies with different inducing agents. However, since both MC and halogenated pyrimidines are metabolized by cells, the different relative activities of these drugs may simply reflect differences in their metabolism in different cell types. Another possible explanation is that the genome of larger viruses accumulate so many MC 'hits' that their replication is blocked at inducing doses of MC.
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The kinetic studies of the replication of SV4o in induced cells indicate that the virus cycle is, in at least its broad outlines, the same as that in permissive cells, it is apparent that 'late' functions (V antigen and mature virus) succeed virus DNA synthesis, and the inhibition of V antigen production by HU shows that 'late' SV4o functions are dependent on DNA synthesis, as is the case during lytic infection of permissive cells by SV4o (Butel & Rapp, I965) . Whether this indicates that V antigen production is dependent on virus or cellular DNA synthesis cannot be decided with certainty; however, since (as discussed below) MC is a selective inhibitor of cellular DNA synthesis and a stimulator of virus DNA synthesis in CHK/SVLP C1.5. I cells, whilst HU is a non-selective inhibitor of both cellular and virus DNA synthesis, it would be paradoxical if MC stimulates and HU inhibits V antigen production unless this was dependent on virus rather than cellular DNA synthesis.
The virus cycle in induced cells is inefficient compared with the cycle in fully permissive cells. Thus, the maximum burst per cell observed was 18o p.f.u, whereas the burst per cell is in the range 2oo to 5oo or higher in the case of CVI cells infected with recently cloned defective-free virus. However, it may be that induced CHK/SVLP CI.5.I cells produce considerable quantities of defective virus and thus, in terms of particle production, more closely approach the production of permissive cells. This is suggested by the finding that SV4o DNA purified from MC-induced CHK/SVLP C1. 5. I cells has a considerably higher molecule:infectivity ratio than SV4o DNA obtained from permissive cells infected at low multiplicity with SV4o; i.e. induced DNA contains defective molecules (J. Gellin, L. Grosjean & R. Monier; unpublished data). It is also clear that the full virus replication cycle occurs in only a very small proportion of cells, less than o'5 % of MC-treated cells producing infectious centres. This may be a slight underestimate of the proportion of cells which under these conditions could potentially sustain a virus replication cycle, since these cells were randomly growing and Kaplan, Kleinman & Black (I975a) have shown that MC induction of SV4o in transformed Syrian hamster cells occurs optimally at certain stages of the cell cycle. The low proportion of infectious centres is unlikely to reflect any sort of genetic heterogeneity in these cells, since they were twice cloned, and because other SV4otransformed lines and clones derived from the original primary culture are also MCinducible (unpublished data). It is interesting to note in this connection that when SV4otransformed ceils are induced by fusion with permissive cells, only a small proportion of heterokaryons produce infectious particles except when the transformed cells are pretreated (before fusion) with a drug such as IdUrd (Watkins, I97o).
As indicated in the results, rather more (about Io-fold) V antigen positive cells than infectious centres are present in induced cultures. This latter observation suggests some block at maturation of the virus, since the presence of V antigen implies the synthesis of virus DNA but clearly many V antigen positive cells do not produce sufficient quantities of infectious virus to give an infectious centre.
The MC-stimulation of the proportion of infectious centres may be accounted for by two possible mechanisms: excision and subsequent replication of SV4o genome in cells which before induction contained no free SV4o , or alternatively the cells induced to give infectious centres already contained free virus DNA but produced no infectious virus-Prasad, Zouzias & Basilico (I976) have shown that polyoma virus-transformed rat cells may contain large quantities of free polyoma DNA but produce no infectious virus -and the effect of MC was simply to stimulate virus production in these cells, which is clearly shown to occur by the increase in the virus burst per cell. Therefore, genome excision may not be a necessary step in MC induction. However, Rakusanova et al. (I976) have presented data which indicate that SV4o genome excision does occur subsequent to MC-induction of SV4o-transformed On: Mon, 10 Dec 2018 21:54:25
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Syrian hamster cells, and it may well be that excision occurs in the Chinese hamster system and contributes to the induction phenomenon. The analysis of aH-thymidine-labelled DNA from MC-induced and non-induced cells showed that MC selectively stimulates SV4o DNA synthesis. In non-induced cells, no 3Hthymidine-labelled material sedimenting at 2IS could be detected, whilst in MC-induced cells relatively considerable quantities of SV4o-specific (2IS, supercoiled) DNA could be detected (as much as 5 % of the residual cellular DNA synthesis) although MC treatment reduced incorporation into nuclear DNA to 3 to 5 °/o of control levels by 48 h post-induction. Presumably, this selective effect of MC is due to differences in DNA target size, the large cell DNA sustaining so many hits that replication is blocked, whereas the small SV4o DNA sustains too few hits to prevent replication. Otherwise, the damage can be repairedhost cell reactivation of u.v.-irradiated SV4o has been shown to occur (Seemayer & Defendi, I974) -with the cessation of host cell DNA synthesis allowing stimulation of SV4o DNA synthesis by releasing factors, necessary for DNA replication, and normally present in limiting amounts.
Caffeine inhibits the induction of SV4o in CHK/SVLP C1.5.I cells at a dose which potentiates MC killing of these cells and thus presumably inhibits the repair of MC-induced lesions in the cell DNA (Rauth, Barton & Lee, I97o; Roberts & Ward, I973; Fujiwara, 1975) . These observations are consistent with the hypothesis that in Chinese hamster cells caffeine inhibits a process which is common to both SV4o replication and post-replication repair of MC-damaged DNA. Since caffeine has no direct effect on SV4o DNA synthesis in MC-induced Chinese hamster cells but apparently inhibits protein synthesis, perhaps the common process is the synthesis of some protein which is rapidly turned over and is essential to SV4o replication and cell DNA repair. It has been demonstrated that SV4o DNA synthesis in lytic infection is dependent on continuous protein synthesis (Kang et al. ~97I ) and our own unpublished data indicate that production of infectious SV4o DNA is very much reduced by concentrations of cycloheximide which effectively abolish protein synthesis in Chinese hamster cells. Whether caffeine inhibits SV4o replication by the same mechanism in both induced and non-induced Chinese hamster cells is at present unknown. Thus, it is possible that caffeine exerts its effect in induced cells by preventing the repair of MC lesions in SV4o DNA (equivalent to host cell reactivation), which clearly would not be the case in non-induced cells. It would seem unlikely that the effect of caffeine on SV4o induction is mediated by cAMP since in such a case a biphasic dose-response curve, as obtained with cAMP, would be expected but was in fact not observed. The finding that caffeine inhibits MC induction of SV4o in these cells conflicts with the results of Zamansky et aI. (~976) who show that caffeine enhances u.v. induction of SV4o in Syrian hamster cells. Whether this conflict indicates fundamental differences in induction mechanisms by different agents in different cells remains to be seen.
In the accompanying paper (Lavialle et al. ~977) the stimulation by MC of SV4o replication in non-transformed Chinese hamster cells is described and possible mechanisms to account for the phenomenon are discussed. This work was supported by the Centre National de la Recherche Scientifique (C.N.R.S., Paris) and by the Fondation pour la Recherche M6dicale Franqaise (F.R.M.F., Paris). A.G.M. was supported by a Royal Society (London), European Exchange Programme Fellowship.
